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EACH YEAR, AN ESTIMATED 1.4 MIL-
lion persons in the United States
are infected with Salmonella.1

Many of these infections occur
in children; 7% of the 2840 culture-
confirmed Salmonella infections re-
ported to the Centers for Disease Con-
trol and Prevention in 1998 through
Foodborne Diseases Active Surveil-
lance Network (FoodNet) occurred in
persons aged 18 years or younger.2 Al-
though most Salmonella infections re-
sult in mild-to-moderate gastroenteri-
tis, which resolves spontaneously,
systemic infections, including bacter-
emia and meningitis, also occur.3 In-
vasive infections commonly occur in
children, particularly in infants.4 Ten
percent of culture-confirmed infec-

tions from blood or the central ner-
vous system reported to the Centers for
Disease Control and Prevention were
in infants younger than 1 year. Fur-
thermore, an estimated 595 persons die

each year as a consequence of Salmo-
nella infections.1

Antimicrobial agents are commonly
used empirically for the treatment of pa-
tients with moderate-to-severe diar-
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Context Ceftriaxone, an expanded-spectrum cephalosporin, is an antimicrobial agent
commonly used to treat severe Salmonella infections, especially in children. Ceftriaxone-
resistant Salmonella infections have recently been reported in the United States, but
the extent of the problem is unknown.

Objectives To summarize national surveillance data for ceftriaxone-resistant Sal-
monella infections in the United States and to describe mechanisms of resistance.

Design and Setting Case series and laboratory evaluation of human isolates sub-
mitted to the Centers for Disease Control and Prevention from 17 state and commu-
nity health departments participating in the National Antimicrobial Resistance Moni-
toring System (NARMS) for enteric bacteria between 1996 and 1998.

Patients Patients with ceftriaxone-resistant Salmonella infections between 1996 and
1998 were interviewed and isolates with decreased ceftriaxone susceptibility were fur-
ther characterized.

Main Outcome Measures Exposures and illness outcomes, mechanisms of resis-
tance.

Results The prevalence of ceftriaxone-resistant Salmonella was 0.1% (1 of 1326) in
1996, 0.4% (5 of 1301) in 1997, and 0.5% (7 of 1466) in 1998. Ten (77%) of the 13
patients with ceftriaxone-resistant infections were aged 18 years or younger. The pa-
tients lived in 8 states (California, Colorado, Kansas, Massachusetts, Maryland, Minne-
sota, New York, and Oregon). Nine (82%) of 11 patients interviewed did not take an-
timicrobial agents and 10 (91%) did not travel outside the United States before illness
onset. Twelve of the 15 Salmonella isolates with ceftriaxone minimum inhibitory con-
centrations of 16 µg/mL or higher were serotype Typhimurium but these isolates had
different pulsed-field gel electrophoresis patterns. Thirteen of these 15 isolates collected
between 1996 and 1998 were positive for a 631–base pair polymerase chain reaction
product obtained by using primers specific for the ampC gene of Citrobacter freundii.

Conclusions Domestically acquired ceftriaxone-resistant Salmonella has emerged in
the United States. Most ceftriaxone-resistant Salmonella isolates had similar AmpC plasmid-
mediated resistance.
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rhea and may be lifesaving for persons
with systemic Salmonella infections.
Fluoroquinolones (eg, ciprofloxacin) are
often used for treating adults with Sal-
monella infections but are not ap-
proved for use in children in the United
States. Children with Salmonella infec-
tions, particularly invasive infections, are
commonly treated with expanded-
spectrum cephalosporins (eg, ceftriax-
one) because of their favorable pharma-
cokinetic properties and low prevalence
of resistance.5-8 A limited number of
cases of ceftriaxone-resistant Salmo-
nella have been reported from South
America, North Africa, Asia, Europe
(France, Spain, Turkey, Greece, Hun-
gary, United Kingdom, and Russia), and
the United States.9-16 A national survey
of 10% of culture-confirmed Salmo-
nella infections in 1995 found 3 of 4003
isolates resistant to ceftriaxone; each of
these infections was acquired outside the
United States.17 A recent article re-
ported the first case of a domestically ac-
quired ceftriaxone-resistant Salmonella
infection in the United States in a child
who apparently acquired the infection
from cattle.16 We reviewed national sur-
veillance data to determine the magni-
tude and molecular mechanisms of this
emerging problem.

METHODS
Surveillance and Antimicrobial
Susceptibility Testing

After serotyping, public health labora-
tories in the 17 participating state and
community health departments in the
National Antimicrobial Resistance Moni-
toring System, the national surveil-
lance system for antimicrobial resis-
tance in enteric bacteria, forwarded every
10th Salmonella isolate received at their
laboratory between 1996 and 1998 to
the Centers for Disease Control and
Prevention for antimicrobial-suscepti-
bility testing. The population served by
the 17 sites in 1998 was 97 million
persons, 37% of the US population.
Minimum inhibitory concentrations
(MICs) were determined for amikacin,
ampicillin, amoxicillin-clavulanic acid,
apramycin, ceftiofur (an extended-
spectrum cephalosporin used in

veterinary medicine), ceftriaxone, cepha-
lothin, chloramphenicol, ciprofloxa-
cin, gentamicin, kanamycin, nalidixic
acid, streptomycin, sulfamethoxazole,
tetracycline, and trimethoprim-
sulfamethoxazole by using the Sensiti-
tre broth microdilution system (Trek Di-
agnostics, Westlake, Ohio). When
established, National Committee for
Clinical Laboratory Standards were used;
resistance to ceftiofur and apramycin was
defined as MICs of 8 µg/mL or higher
and 32 µg/mL or higher, respectively.
Isolates collected between 1996 and
1998 with decreased susceptibility to
ceftriaxone (MIC $16 µg/mL) were con-
firmed as Salmonella and tested for re-
sistance to cefoxitin, cefotaxime, and
ceftazidime by Episolometer test (E-
test) according to the manufacturer’s rec-
ommendations (AB-Biodisk, Solona,
Sweden), for the full range of MICs for
ceftriaxone by broth microdilution ac-
cording to the National Committee for
Clinical Laboratory Standards, and by
further molecular characterization.18

Ceftriaxone-resistant Salmonella iso-
lates had MICs of 64 µg/mL or higher
and intermediate isolates had MICs of
16 to 32 µg/mL by broth microdilu-
tion. Escherichia coli ATCC 25922 and
Pseudomonas aeruginosa ATCC 27853
were used as controls.

With the assistance of state and lo-
cal health departments, we attempted
to interview patients with ceftriaxone-
resistant Salmonella infections. Using
a standard questionnaire, we asked pa-
tients about their illness, including
symptoms, clinical outcomes, and hos-
pitalization. Patients were also asked
about activities before illness onset, in-
cluding use of antimicrobial agents for
another illness, farm visitation, and in-
ternational travel in the 5 days before
illness onset.

Molecular Characterization
Salmonella serotype Typhimurium iso-
lates collected between 1996 and 1998
were subtyped by bacteriophage typ-
ing19 and pulsed-field gel electrophore-
sis.20 The molecular mechanism of ceftri-
axone resistance among Salmonella
isolates with MICs of 16 µg/mL or higher

were characterized by b-lactamase ex-
traction and isoelectric focusing, ampli-
fication of the ampC gene from Citro-
bacter freundii by polymerase chain
reaction, plasmid profile analysis, and
conjugal mating experiments with E coli
C600N. Crude preparations of b-lacta-
mases produced by these isolates were
obtained by submitting cells grown in
100 mL of Trypticase soy broth (Difco,
Detroit, Mich) to 5 cycles of freezing in
0.2-mol sodium acetate (Sigma, St Louis,
Mo) and thawing followed by centrifu-
gation.

Isoelectric focusing was performed at
room temperature on a Bio-Rad mini
isoelectric focusing 111 (Bio-Rad, Rich-
mond, Calif). Enzymes were visual-
ized by activity staining after the gel was
overlaid with a 500-µg/mL solution of
nitrocephin (BBL, Cockeysville, Md).21

The isoelectric points of enzymes from
the Salmonella isolates were estimated
by comparison with TEM-1, TEM-10,
SHV-5, and P99 b-lactamases.

Plasmid DNA was isolated by previ-
ously described methods.22 The poly-
merase chain reaction primers used to
determine the presence of the ampC
gene from Citrobacter freundii have been
previously described.10,11 The double-
disk diffusion assay, using ceftriax-
one, ceftazidime, cefotaxime, cefoxi-
tin, and amoxicillin-clavulanic acid as
indicator antimicrobial agents, was used
to screen for the presence of extended-
spectrum b-lactamases according to
previously published methods.23 All
Salmonella isolates (donor strain;
ampicillin-resistant, nalidixic acid-
susceptible), excluding1 isolate thatwas
nalidixic acid–resistant, were mated to
E coli C600N24 (recipient strain, ampi-
cillin-susceptible, nalidixic acid–
resistant) using standard methods.11

Counter selection was performed on
Luria-Bertoni Broth agar containing 50
µg/mL of ampicillin and 30 µg/mL of
nalidixic acid (Difco).

RESULTS
Fifteen (0.4%) of 4093 Salmonella iso-
lates submitted from 1996 to 1998 had
ceftriaxone MICs of 16 µg/mL or higher;
13 were resistant (MIC $64 µg/mL) and
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2 were intermediate (MIC, 16-32
µg/mL). The prevalence of ceftriaxone-
resistant Salmonella was 0.1% (1 of
1326) in 1996, 0.4% (5 of 1301) in 1997,
and 0.5% (7 of 1466) in 1998. Twelve
(80%) of the 15 Salmonella isolates with
ceftriaxone MICs of 16 µg/mL or higher
were Salmonella serotype Typhimu-
rium, the other isolates were serotypes
Newport, Thompson, and Cubana.
Seven of the 12 Salmonella Typhimu-
rium isolates did not react with any of
the typing phages (untypable), 2 iso-
lates reacted with phages but did not
conform to any defined pattern (reacts
but does not conform), 2 isolates were
definitive type 104 (DT104), and 1 was
definitive type 21 (TABLE).

None of these Salmonella Typhimu-
rium isolates had a pulsed-field gel elec-
trophoresis pattern that was indistin-
guishable from that of another isolate
in the group. Even the 2 DT104 iso-
lates (FIGURE, lanes 10 and 14) had
highly similar but not identical pulsed-
field gel electrophoresis patterns.

Each of the 13 ceftriaxone-resistant
isolates was also resistant to ampicillin,
cephalothin, and ceftiofur; 12 (92%)
were resistant to amoxicillin-clavu-
lanic acid. Some ceftriaxone-resistant
isolates were additionally resistant to
aminoglycosides (92% to streptomy-
cin, 62% to kanamycin, and 23% to gen-
tamicin), sulfonamides (77%), tetracy-
cline (77%), and chloramphenicol
(69%). All ceftriaxone-resistant iso-
lates were susceptible to amikacin, apra-
mycin, and ciprofloxacin. One isolate
was resistant to nalidixic acid and had
decreased susceptibility to ciprofloxa-
cin (MIC, 0.12 µg/mL). All 13 ceftriax-
one-resistant isolates collected be-
tween 1996 and 1998 were intermediate
or resistant to ceftazidime and cefo-
taxime.

Epidemiologic Results
All 13 ceftriaxone-resistant isolates were
from stool cultures. Patients lived in 8
states (California, Colorado, Kansas,
Massachusetts, Maryland, Minnesota,
New York, Oregon). The age range of the
patients was younger than 1 year to 52
years (age missing for 1 patient); 10

(77%) were 18 years or younger and 5
(38%) were aged 1 year or younger.

Ten of 11 interviewed patients with
a ceftriaxone-resistant Salmonella in-
fection reported having gastrointesti-

nal tract symptoms. Patients with gas-
trointestinal tract symptoms reported
having diarrhea (82%), abdominal
cramps (82%), fever (73%), blood in
stool (55%), and vomiting (36%). Du-

Figure. Pulsed-Field Gel Electrophoresis Patterns of Salmonella Typhimurium Isolates With
Ceftriaxone Minimum Inhibitory Concentrations of 16 µg/mL or Higher

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

1997 1998 1998
Year of Isolation

Salmonella Typhimurium Isolates Salmonella Typhimurium Isolates

Lanes 1, 8, and 15: molecular size standard; lane 2: AM02039; lane 3: AM02152; lane 4: AM02544; lane 5:
AM02668; lane 6: AM02855; lane 7: AM03430; lane 9: AM03977; lane 10: AM04204; lane 11: AM04255;
lane 12: AM04287; lane 13: AM04501; and lane 14: AM04656.

Table. Characteristics of Salmonella Isolates*

Isolate No.
Year of

Isolation
Ceftriaxone

MICs, µg/mL
NCCLS

Interpretation†
Patient
Age, y Serotype Phage Type‡

AM01358 1996 64 Resistant NA Thompson

AM02039 1997 .64 Resistant 18 Typhimurium RDNC

AM02152 1997 .64 Resistant 1 Typhimurium Untypable

AM02544 1997 .64 Resistant ,1 Typhimurium Untypable

AM02668 1997 .64 Resistant 6 Typhimurium Untypable

AM02855 1997 .64 Resistant 8 Typhimurium Untypable

AM03430 1998 .64 Resistant ,1 Typhimurium Untypable

AM03977 1998 .64 Resistant 1 Typhimurium Untypable

AM04204 1998 .64 Resistant ,1 Typhimurium DT104

AM04287 1998 32 Intermediate 19 Typhimurium DT21

AM04501 1998 .64 Resistant 38 Typhimurium Untypable

AM04528 1998 64 Resistant 15 Newport

AM04656 1998 64 Resistant 52 Typhimurium DT104

AM04255 1998 32 Intermediate 32 Typhimurium RDNC

AM04707 1998 .64 Resistant 4 Cubana

*MICs indicates minimum inhibitory concentrations; NCCLS, National Committee for Clinical Laboratory Standards;
and NA, not available. The only isolate whose source of specimen was not stool was AM04255, which came from a
wound source.

†Isolate indicated as intermediate have MICs of 16 to 32 µg/mL; resistant, 64 µg/mL or higher.
‡Phage type only available for serotype Typhimurium. RDNC indicates reacts but does not conform.
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ration of diarrhea ranged from 1 to 14
days, with a median of 5 days. All in-
terviewed patients sought medical care.
Six of these patients (55%) reported that
the Salmonella infection caused inter-
ference with daily activities. The num-
ber of days of illness ranged from 1 to
14 days (median, 4 days). Five pa-
tients (45%; age range, ,1-52 years) re-
ceived antimicrobial agents for their
Salmonella infection (3 received cipro-
floxacin, none received cephalospor-
ins), and 3 patients (27%) received in-
travenous fluids. None of the patients
took an antimicrobial agent after ill-
ness onset but before collection of the
specimen that yielded ceftriaxone-
resistant Salmonella. Three patients
(27%) were hospitalized; the length of
hospitalization ranged from 1 to 5 days.
No patients had an invasive infection.
One patient was evaluated with colo-
noscopy. None of the patients died.

Ten (91%) of the 11 patients inter-
viewed with ceftriaxone-resistant Sal-
monella infection reported being in good
health before their Salmonella infec-
tion;1patient reportedanunderlying im-
munocompromising condition. Nine
(82%) of the 11 patients interviewed did
not take antimicrobial agents for an-
other illness in the 5 days before Salmo-
nella illness onset. Of the 2 interviewed
patientswho tookanantimicrobial agent,
1 took a cephalosporin (cephalexin). Ten
(91%) of the 11 patients did not travel
outside the United States before illness
onset. Two patients (18%) visited a farm
during the 5 days before illness onset;
farm animals included horses, cows,
chickens, and pigs. One patient drank
unpasteurized milk in the 5 days before
his illness onset.

Characterization
of Resistance Genes
Thirteen of 15 Salmonella isolates with
ceftriaxone MICs of 16 µg/mL or higher
from 1996 to 1998 were cefoxitin-
resistant and were phenotypically clas-
sified as having an AmpC b-lactamase
based on a negative double-disk diffu-
sion test result. The double-disk diffu-
sion test detects whether a b-lacta-
mase is affected by the b-lactamase

inhibitor clavulanic acid. These 13 iso-
lates, which included 2 intermediate
isolates (MIC, 32 µg/mL), also ex-
pressed a b-lactamase with an isoelec-
tric point of more than 9.0, further sug-
gesting that the ceftriaxone-resistance
was mediated by an AmpC b-lacta-
mase. Primers specific for the ampC
gene of Citrobacter freundii amplified an
appropriate 631–base pair product in
all 13 of these isolates. These same
primers were used to amplify and char-
acterize a CMY-2 b-lactamase re-
cently found in a ceftriaxone-resistant
Salmonella Typhimurium from Ne-
braska.16 Six of these 13 isolates also ex-
pressed a TEM-1-like b-lactamase with
an isoelectric point of 5.4. Confirming
this observation, all 6 isolates were posi-
tive for an expected 952–base pair poly-
merase chain reaction product using
primers specific for the TEM family of
b-lactamases. Five of the 13 Salmo-
nella isolates were able to transfer ceftri-
axone resistance to E coli C600N. All
C600N transconjugants expressed the
AmpC b-lactamase (isoelectric point
.9.0), which suggested that this b-lac-
tamase was mediating the ceftriaxone
resistance and was encoded on a trans-
ferable plasmid. The transferable plas-
mids ranged from 160 to 170 kilo-
base. The remaining 2 ceftriaxone-
resistant Salmonella isolates (AMO2544
and AMO4707) expressed a putative ex-
tended-spectrum b-lactamase as as-
sessed by a positive double-disk diffu-
sion test result. Isolate AMO2544
expressed 2 b-lactamases, 1 with an iso-
electric point of 5.4 and the other with
an isoelectric point of approximately
8.0. Isolate AMO4707 also expressed 2
b-lactamases with isoelectric points of
5.4 and approximately 7.6.

COMMENT
Ceftriaxone resistance has emerged
among Salmonella isolates in the United
States. In 1998, 0.5% of Salmonella iso-
lates tested were resistant to ceftriax-
one. Since there are an estimated 1.4 mil-
lion Salmonella infections annually in the
United States, this suggests that several
thousand Salmonella infections each year
are caused by a ceftriaxone-resistant

strain. Although antimicrobial agents are
not indicated for the treatment of un-
complicated salmonellosis, ceftriaxone
is commonly used empirically to treat
children with severe Salmonella infec-
tions, including Salmonella bacteremia
and meningitis. Continued emergence
and dissemination of ceftriaxone resis-
tance, therefore, is likely to have clini-
cal consequences.25,26

Ceftriaxone-resistant Salmonella in-
fections are now being acquired do-
mestically in the United States. This is
in contrast to a large national survey in
1995, which reported no domestically
acquired ceftriaxone-resistant infec-
tions.17 Furthermore, no cephalo-
sporin resistance was present in the pre-
vious national study conducted in
1990.27 In our study, 10 (91%) of 11 in-
terviewed persons with ceftriaxone-
resistant infections reported no recent
international travel.

The sources of the ceftriaxone-
resistant infections described here are not
known, but as with other Salmonella in-
fections they are likely to be contami-
nated food, particularly foods of animal
origin. Ceftriaxone resistance is evi-
dent in Salmonella isolates, particularly
Typhimurium, from food-producing ani-
mals in the United States; in 1998, 2 (2%)
of 98 Salmonella Typhimurium isolates
collected from chickens and cattle in
slaughter plants were resistant to ceftri-
axone.28 Recent reports of ceftriaxone-
resistant Salmonella from cattle in Ne-
braskaandasubsequenthuman infection
and ceftriaxone-resistant Salmonella in
pigs, cattle, and humans in Iowa are ad-
ditional evidence of a food-producing
animal reservoir of ceftriaxone-
resistant Salmonella.16,29 Interestingly, in
our investigation, 2 (18%) of 11 inter-
viewed patients visited a farm in the 5
days before their illness onset and 1 of
those patients consumed unpasteur-
ized milk. Furthermore, 2 ceftriaxone-
resistant Salmonella isolates were DT104,
a strain of Typhimurium that has caused
illness in food-producing animals and
humans in the United States.30

The emergence of ceftriaxone resis-
tance is occurring among several strains
of Salmonella rather than through the
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emergence of a single clone. This sug-
gests horizontal dissemination of a resis-
tance determinant. Our demonstration
of conjugal transfer of the ceftriaxone-
resistance determinant by some of the
ceftriaxone-resistant isolates also sup-
ports this hypothesis.

In contrast to ceftriaxone-resistant
isolates outside the United States, which
have involved TEM or SHV-derived ex-
tended-spectrum b-lactamases, most of
the ceftriaxone-resistant determi-
nants in our study were due to an
AmpC-type resistance gene in the BIL-1,
LAT1, or CMY2 family of cephamyci-
nases.31,32 This finding of a similar mo-
lecular mechanism of resistance among
different strains of Salmonella sup-
ports horizontal dissemination. Inter-
estingly, the recent reports of ceftriax-
one-resistant Salmonella in Nebraska16

and Iowa29 also had an AmpC mecha-
nism of resistance (CMY-2). AmpC
plasmid-mediated b-lactamases have
been reported in clinical strains of Kleb-
siella pneumoniae, E coli, and Entero-
bacter aerogenes, but rarely in Salmo-
nella from the United States.9,10-14,31-33

AmpC b-lactamases have been re-
cently described among E coli isolates
from calves with diarrhea in the United
States34; although treatment histories
were not described, the authors suggest
that the emergence of AmpC-mediated
resistance may have been a conse-
quence of use of ceftiofur in the calves.
Our demonstration of cross-resistance
between ceftiofur and ceftriaxone sup-
ports a similar conclusion. Ceftiofur is
the only cephalosporin approved for sys-
temic use in food-producing animals in
the United States. This antimicrobial was
approved for therapeutic use in cattle by
injection in the United States in 1988,
and is now also approved for similar use
inpigs, sheep, chicken, and turkeys.Ceft-
iofur use other than labelled indica-
tions is also permitted; for example, ceft-
iofur is frequently injected into chicken
eggs prior to hatching on a flock-wide
basis for disease prevention.

Ceftriaxone is a standard therapy for
serious Salmonella infections in chil-
dren. Although most persons with Sal-
monella infection do not require anti-

microbial therapy, it can be lifesaving for
persons with invasive disease. Unfortu-
nately, resistance to ceftriaxone prob-
ably will continue to increase in Salmo-
nella. To mitigate potential rapid
dissemination, there is a need to con-
trol selective pressure in human and par-
ticularly veterinary medicine by reduc-
ing the misuse and overuse of extended-
spectrum cephalosporins. Efforts to
reduce the transmission of Salmonella to
humans through the food supply, such
as the new regulations for safe process-
ing of meat and poultry to decrease the
prevalence of Salmonella in these prod-
ucts and enhanced food safety educa-
tion programs, also need to be empha-
sized.

Studies are needed to further deter-
mine the association between use of
ceftiofur in food-producing animals and
the emergence and dissemination of
ceftriaxone resistance, particularly re-
sistance caused by an ampC resistance
gene. Because there is cross-resistance
between ceftiofur and ceftriaxone, and
food-producing animals are the source
of most domestically acquired Salmo-
nella infections, the use of ceftiofur in
food-producing animals apparently is
contributing to ceftriaxone-resistant
Salmonella, which is transmitted to con-
sumers through the food supply.

To protect the public’s health, ac-
ceptable thresholds for ceftriaxone re-
sistance in Salmonella should be estab-
lished that are consistent with the
framework proposed in December 1998
by the US Food and Drug Administra-
tion for evaluating the human safety of
antimicrobial agents in food-produc-
ing animals.35 Limitations on expanded-
spectrum cephalosporin use in food-
producing animals may be indicated,
particularly if such resistance in-
creases.

ADDENDUM
Added at Press Time

Recently available data indicate that in
1999, 28 (1.9%) of 1499 Salmonella iso-
lates submitted to the National Anti-
microbial Resistance Monitoring Sys-
tem had ceftriaxone MIC of 16 µm/mL
or higher, indicating decreased suscep-

tibility to ceftriaxone. Full-range MIC
testing by broth microdilution, epide-
miologic investigation, and molecular
characterization is pending.
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—Leo Nikolaevich Tolstoy (1828-1910)
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